Abbreviations & Acronyms HN = heminephrectomy LT = lombotomy NS = non-significant RAHN = robot-assisted heminephrectomy RAS = robot-assisted surgery RRP = robotic retroperitoneal RTP = robotic transperitoneal RT = retroperitoneal TP = transperitoneal Results: A total of 15 patients underwent robot-assisted heminephrectomy, and 13 patients underwent retroperitoneal heminephrectomy by open approach. All patients weighed <15 kg. The mean age at the time of surgery was 20.2 months (range 7-39 months) in the robotic group, and 18.4 months (range 6-41 months) in the open group. The mean hospital stay was statistically longer for the open surgery group (6.3 days, range 5-8 days vs 3.4 days, range 1-7 days; P < 0.001). Regarding postoperative pain control, total morphine equivalent intake was statistically greater for the open group (0.52 mg/kg/day vs 1.08 mg/kg/day; P < 0.001). No patient lost the remaining healthy moiety. There was no significant difference in terms of operating time, complication rate or renal outcomes. Conclusions: Robot-assisted heminephrectomy in small children seems to offer comparable renal outcomes with those of its standard open surgery counterpart. Specific technical adjustments are necessary, which typically increase the set-up time.
Introduction
RAS is a new technology that enables the performance of a wide variety of urological procedures with a minimally invasive approach. Various studies have reported that the use of this technology is feasible and safe in most pediatric cases. 1 There is, however, a dearth of evidence comparing the clinical outcomes of RAS with conventional open or laparoscopic techniques. Although the topic is still undergoing assessment, RAS is already part of current pediatric surgery practice, [2] [3] [4] and its initial results in pediatric urology are particularly encouraging. 5, 6 The safety of RAS is reportedly similar to the safety of open procedures, and the outcomes are at least equivalent to standard laparoscopic procedures. 1 Most of the pediatric robotic studies published to date describe procedures in school-aged children and adolescents. 7 Small children, however, represent a large number of surgical cases as a result of the frequency of prenatal diagnosis. Early surgical intervention might be warranted in the case of duplex kidney with symptoms and/or a massively dilated upper renal urinary tract. Ureteroureterostomy is preferred in the case of renal moiety with good function, whereas HN is considered in the case of a non-functioning upper or lower renal pole. Miniinvasive HN is even more demanding and technically difficult in young children because of their small abdomen size. 8 The impact of the limited anatomical workspace in toddlers is still a matter of debate in the field of minimally invasive surgery. 9 Thus, some authors reported significant functional loss of the residual moiety, and advocated for the use of an open approach in children aged <1 year. 10 In this population, standard transperitoneal laparoscopic or retroperitoneoscopic HN approaches were recently reported to be safe and to have a low conversion rate. 11 Both approaches were shown to have equivalent operative times and lower analgesic requirements compared with that of an open surgical approach. 12 There have been few publications of studies describing RAHN, and none focus on how to carry out this type of surgery with small children. [13] [14] [15] We hypothesized that RAHN is safe and feasible in children weighing <15 kg, and would produce similar outcomes and complications as compared with the outcomes of open heminephrectomy.
Methods
We reviewed the consecutive RAHN procedures carried out over an 8-year period from January 2007 to December 2014 in two tertiary pediatric surgery care centers. The control group was a series of patients that underwent open heminephrectomy between 2002 and 2009 in the same institutions. The present retrospective study was approved by the relevant institutional review boards.
HN was indicated according to a common institutional protocol that is based on the results of a neonatal work-up, clinical assessment and imaging follow up. In the case of prenatal diagnosis, early surgical intervention was indicated for massively dilated upper urinary tracts or recurrent episodes of urinary tract infections with a poorly functioning renal pole, as detected by dimercaptosuccinic acid renal scintigraphy. Renal poles were considered poorly functioning if there was <10% differential function. Massive dilation was defined, at a minimum, as a 2-cm anteroposterior pelvic diameter or grade 3 hydronephrosis. In such cases, antibiotic prophylaxis was indicated until surgical management.
The patients who underwent open heminephrectomy were placed in the lateral decubitus position. An incision was made extraperitoneally below the 12th rib to access the renal bed and ligate the vessels of the non-functioning renal pole. The ureter was divided, the corresponding parenchyma was cut using electrocautery (Harmonic scalpel; Medtronic, Minneapolis, MN, USA) and a drain was placed.
In the second study period, RAHN was carried out using the robotic platform. The known benefits, risks and expectations of RAHN were explained in detail to the patient's family, and the robotic approach was carried out after obtaining approval from the patient's parents. For the present study, we used the original four-arm da Vinci SI, including a double robotic console (da Vinci surgical robot; Intuitive Surgical, Sunnyvale, CA, USA).
The procedure started with a cystoscopic evaluation and catheterization of the preserved ureter. A 4-Fr open-ended ureteral catheter was secured to a Foley catheter. Patients were then positioned in a proclive and lateral position, with adequate foam support to regulate the temperature and provide steady support for the transperitoneal approach (Fig. 1) . The smallest patients were placed square on the table. The robot was positioned over the ipsilateral flank. All procedures were carried out using three arms: one camera arm (8.5 mm, for 3-D imaging) and two instrument arms (8 mm each). An additional 5-mm non-robotic accessory port was used for the passage of sutures, suction/irrigation and exposition of the working space, particularly during upper pole dissection. A CO 2 insufflation at a maximum pressure of 6 mmHg was applied. We defined a weight <15.0 kg as a critical reference, because the lack of operative space prevented the set-up of the standard adult protocol.
After pneumoperitoneum, the ipsilateral colonic flexure was mobilized. During upper pole HN, the upper pole ureter was identified at the level of the iliac vessels and freed from the lower ureter. It was then passed behind the lower pole vessels. We identified the blood vessels to both moieties before carrying out ligation. The upper pole vessels were ligated with absorbable 3-0 Vicryl sutures or clips (Ethicon, Cincinnati, OH, USA). The upper pole renal parenchyma was then separated using a Harmonic scalpel (Medtronic). The equivalent surgical process was carried out for lower pole HN. The ureter was dissected toward the upper bladder level to allow a nearly complete ureterectomy, but extensive pelvic dissection of the distal ureter was avoided. Ureteral stumps were systematically closed with absorbable 4-0 Vicryl sutures. Specimens were removed through the camera port. Peritoneal drains were placed at the beginning of our series. All of the ports were closed under direct visual input with absorbable 4-0 Vicryl sutures. The Foley catheter was removed on postoperative day 1. Patients were discharged from the hospital when they had adequate oral intake and good pain control.
The analgesia protocol was standardized in both groups. Postoperative pain relief was anticipated with acetaminophen (15 mg/kg) followed by an additional dose every 6 h for 5 days, and ketoprofen (1 mg/kg) every 12 h for 1 day. The effectiveness of pain management was assessed with the Faces, Legs, Activity, Cry, Consolability scale. Pain scores ranged from 0 (no pain) to 10 (maximum pain). When the pain score dropped below 3, the infant received i.v. nalbuphine hydrochloride (0.2 mg/kg).
The set-up time was defined as the time that elapsed from the first skin incision until the beginning of the surgery at the operative console. It included port positioning and docking of the robotic system. The total operative time included the setup time and the console operative time, until the skin closure. Postoperative follow up included clinical examination, renal sonography with Doppler imaging at 1 and 6 months, and dimercaptosuccinic acid renal scintigraphy at 6 months in all patients. Postoperative complications and their management were systematically recorded and classified according to the Clavien classification. 16 Demographic data, set-up time, operative time, length of hospital stay, estimated blood loss, pain control, and shortand mid-term outcomes were recorded prospectively, and analyzed retrospectively using a Student's t-test with Prism 5 Mac software (GraphPad Software, San Diego, CA, USA). The cost of the robotic procedure included the occupancy duration of the operation room relative to the global cost of all surgical cases in our institution, in addition to the cost of specific consumables for our cases.
Results
During the first study period, 13 patients weighing <15 kg underwent HN by open approach. During the second study period, 33 patients underwent RAHN. Among them, 15 patients weighed <15 kg; the clinical characteristics are detailed in Table 1 . All patients had a prenatal diagnosis of duplex kidney. Preoperative urinary tract infections occurred in 75% of the patients.
In the RAHN group, one patient had a lower non-functioning pole with severe reflux. The etiology of the nonfunctioning upper moiety was ureterocele in four cases (2 of 4 with previous endoscopic incision) and hydroureteronephrosis in 10 cases. Among nine children with evaluable preoperative cystourethrograms, six also had vesicoureteric reflux in the ipsilateral lower moiety. The median differential function of the excised moiety was 8% (range 2-12%).
The parameters, including hospital stay and total operative time, all decreased in accordance with the level of experience with the procedure, except for set-up time. which remained stable: 27 min (range 15-36 min; Fig. 2 ). There was no conversion to open surgery. Two postoperative complications occurred. The fourth patient in this series had an omentum hernia on postoperative day 2, after drain removal from a previously non-closed 8-mm port in the right lower quadrant. A second operation (type IIIb Clavien complication) was required to address this. One patient presented with asymptomatic fluid collection on systematic ultrasound 1 month after the surgery. It was managed conservatively and disappeared at 6 months of follow up (type I Clavien complication). No patient lost their remaining healthy moiety. The median preoperative and postoperative differential renal function is reported in Table 2 .
In the open group, the etiology of the non-functioning upper moiety was ureterocele in seven cases and hydroureteronephrosis in six cases. Two postoperative complications (both type I Clavien complications) occurred: two patients presented with asymptomatic fluid collection on systematic ultrasound 1 month after the surgery. Both were managed conservatively and disappeared at 6 and 12 months of follow up.
There was no statistical difference between the open and RAHN groups with regard to renal outcomes and patients characteristics, with two exceptions: (i) the mean length of stay was statistically greater for the open group than that for the RAHN group (6.3 days vs 3.4 days; P < 0.001; Table 1); and (ii) total morphine equivalent intake was statistically greater for the open group than for the RAHN group (1.08 mg/kg/day vs 0.52 mg/kg/day; P < 0.001).
During the study period, the estimated extra cost for robotic surgery was approximately €500/h. The majority of this cost was attributable to equipment and consumables, as the procedure requires distinctive devices with restricted uses. The initial investment for the robot and ongoing maintenance fees were also chargeable to the hospital, but those costs were divided between the different surgical teams sharing the robotic platform. 
Discussion
RAHN has been described previously in a small pediatric case series. 17 To the best of our knowledge, we report here the largest series of RAHN in small children. The present data suggest that in comparison with the open approach, RAHN is technically feasible with similar renal outcomes, lower hospital stay and less postoperative pain, even in lower-weight patients. Table 3 compares the results of prior literature regarding RAHN [13] [14] [15] 18 versus open surgery 19, 20 and standard laparoscopy for small children. [21] [22] [23] [24] [25] Theoretically, laparoscopy predicts a reduced hospital stay. RAHN produces similar trends and has a low complication rate as well. This surgical approach has been described for duplex kidney previously, albeit for older pediatric patients. 14, 15, 18 Olsen et al.
published the first deployment of RAS with a retroperitoneoscopic approach, though the RAS transperitoneal approach is favored. 18 The present series showed that lower-weight children have trends that parallel older children in terms of operative time, complication rates and renal outcomes. The total operative time was longer for RAHN than for standard laparoscopy, but the robotic operative time included the set-up time as well. Excluding the set-up time, our operative time was equivalent to that of other RAHN series despite the lower age, and subsequently smaller abdominal size, of our patients. The rate of urinomas was lower in the current RAHN series than in other RAHN series, and comparable in the standard laparoscopy series. The longer hospital stay we observed could be explained by our caution toward discharging patients who resided far away from the hospital. In terms of functionality, the rate of remaining renal moiety loss was zero -equivalent to those of the prior RAHN or large laparoscopy series. This high functionality validates that RAHN can be a valuable option, as a comparable alternative to a more conservative approach, such as ureteroureterostomy, for a nonfunctioning renal moiety.
Robotic technology combines the advantages of the precision of an open approach, and the hospital stay, postoperative pain, complications and cosmetic results of the laparoscopic approach. In addition to its general advantages, the 3-D visualization and seven degrees of freedom permit dedicated dissection of the renal pedicle. We preferred to use the 8-mm articulated instruments instead of 50-mm instruments, because specific tasks require acute angulations that can be carried out easily only with the 8-mm instruments; the 5-mm instruments have joint kinematics that require more space to operate. 26 Indeed, the larger trocar diameter was largely offset by its high maneuverability in tiny volumes.
Magnification and fine movements allow for accurate dissection of the injured renal moiety, and limited dissection of the remaining renal pole -a risk that could result in its perioperative injury or in torsion after surgery. 27 To improve the safety of the pedicle dissection, particularly in cases of complex vascular anatomy, fluorescence imaging systems have proven to be a valuable additional tool for the surgical robotic console. 28 Although we have yet to gain experience with this, robot-assisted dissection so far has not resulted in renal loss or severe complications in our series.
Despite the advantages offered by these robotic procedures, the main challenge with RAHN in small children is the abdominal space constraints. Particularly for those young patients, we found that some technical adjustments were necessary. We added those adaptations progressively as we gained experience, and this might explain why the set-up time did not decrease as experience increased. Installation of the patient with adequate foam support was necessary to decrease the risk of any physical incompatibilities between the arms of the robot and the operating table. As it was not always possible to skip to the recommended port placement separation of 8 cm, a slightly smaller distance of 5-6 cm was found to be acceptable with the later generations of the da Vinci Surgical System. The distance between the camera and the accessory port in particular can be reduced (Fig. 1) . We used the accessory port systematically for assistance in exposure with patients weighing <15 kg. Indeed, despite a previous report, the "elbow" of the robotic instrument appeared unsuitable for retraction of the liver or spleen in such narrow spaces. 13 For those low-weight patients, a unipolar cautery system in this accessory port could be a beneficial replacement for the harmonic scalpel to cut the parenchyma. After the occurrence of the omentum hernia, ports were closed systematically with pre-placed absorbable sutures, and a dedicated abdominal orifice was used for drainage if required. We did not use a bolster for abdominal closure, as described previously. 13 Some of the space issues might be alleviated by placing the anesthesia team on a line between the robot cart and the head of the patient. We found that it was important to preserve communication between the assistant surgeon, the anesthesia team and the console surgeon; as well as to maintain the permanent, direct access of the surgical team to the patient. These progressive adaptations permitted us to reduce the total operative time and overcome the space constraints. Consistent with previous reports, we found that major technical limitations occurred when children weighed <5 kg, but we would advise 8 kg as a reasonable limit for this particular surgical procedure. 29 The present study extends prior research confirming the technical feasibility of RAS in confined spaces. Postoperative results of robotic procedures approach those of pure laparoscopy, but RAS indications still have to be delineated. The technique was associated with a reduction in the mean length of the hospital stay in comparison with open surgery, but not with laparoscopic techniques. Consistent with prior research, the costs of robotic surgery-associated hospitalizations were higher than those for non-robotic surgery-associated hospitalizations. 30 This first assessment of RAHN for children weighing <15 kg suggests that it is a safe and feasible technique. Compared with the open technique and previously published reports of RAHN in young children, our robotic system provided comparable feasibility and renal outcomes when used by experienced operators. As we did not have instruments dedicated to this procedure, it required several adjustments, such as careful patient installation and port placement. There is currently a lack of evidence that RAHN is superior to standard laparoscopy in terms of operating time and trocar size. Miniaturization of the whole device should, however, reduce external cluttering and make robotic surgery even more applicable for younger individuals.
